The goal of the present work is the Tabas coal preparation plant wastewater treatment using membrane technology. Polyacrylonitrile membrane was prepared through phase inversion method and then developed by annealing process. Also, high fouling resistance membranes were prepared by the embedding of TiO 2 nanoparticles using self-assembling and blending methods. The effect of immersion time and TiO 2 nanoparticles concentration was investigated using two techniques. The chemical structure, morphology, hydrophilicity, molecular weight cut-off and antifouling properties of membranes were characterized using energy-dispersive X-ray spectroscopy, scanning electron microscopy, contact angle, polyethylene glycol tracers, and cationic polyacrylamide (C-PAM) filtration, respectively. The optimized self-assembled membrane was shown to have more than 31.2% higher water flux with the best antifouling properties. Improving hydrophilicity leads to excellent antifouling properties for composite membranes and illustrates a promising method for fabrication of high performance membrane for C-PAM separation.
INTRODUCTION
Today, the use of synthetic polymers in the flocculation process is of great technological importance for controlling the colloidal suspension's behavior and stability. In the flocculation process, small colloidal particles aggregate and form larger particles, through using chemical compounds which are called coagulants or flocculants (Tian et al. ) . They are widely applied in many industrial processes such as paints, minerals, cosmetics, coatings, papers, ceramics, water treatments, pharmaceuticals, pesticides, foods, cement, and drilling fluids (Fan et al. ) . Among flocculants, polyacrylamide and its derivatives are available in a variety range of molecular weights and may contain different charges which can be classified as anionic, nonionic, and cationic (Ye et al. ) .
In the Tabas coal preparation plant, cationic polyacrylamide (C-PAM) polymer is being used in the flocculation process for deposition of very fine particles of coal. Tabas, a city with 70,000 inhabitants is an ancient city in Iran. This city is located at 33 W 35 0 north and 56 W 55 0 east, with a desert climate. Drought in recent decades and serious environmental issues (C-PAM is toxic) has initiated the demand for water reuse and wastewater treatment. The total industrial water requirement for the flocculation step is 150-900 m 3 /h, which after the process is discharged to the well as a wastewater. Hence, treatment of flocculation wastewater for water reuse is very essential for plant life. Widely, C-PAM treatment has been carried out using different absorbents such as expanded perlite (Tekin et al. ) , kaolinite (Tekin et al. ) , sepiolite (Tekin et al. ) , cellulosic fibers (Agberg & Eriksson ), negatively charged smectite particles (Mpofu et al. ) , silica surfaces (Samoshina et al. ) , and bentonite (Gungor & Karaoglan ) . Other treatment techniques (oxidation, irradiation, and membrane technology) have been rarely used for C-PAM treatment. The objective of the present study was to facilitate C-PAM treatment using the polyacrylonitrile (PAN) membrane process because this process has advantages such as high flux (rapid process), high rejection, low primary investment and operating cost, and is environmentally friendly (Akbari & Mojallali Rostami ) . Unfortunately, the water flux and rejection decline during the filtration process, which is attributed to concentration polarization and membrane fouling (Kang et al. ) . Deposition, pore plugging, and adsorption in the pores and membrane surface lead to flux decline as an inevitable phenomenon and limit the mass transport and life span of membranes. It is well accepted that enhancing of membrane surface hydrophilicity effectively increases the antifouling property. To date several methods have been applied for this propose: additive blending (Feia et al. ) , surface coating (Lohokare et al. ) , radical grafting (Ulbricht & Belfort ) , chemical coupling (Yang et al. ) , and plasma-induced polymerization (Ulbricht et al. ) . In the recent years incorporation of nanoparticles into the membrane structure is widely used to achieve higher hydrophilicity and antifouling property (Panda et al. ; Yanilmaz et al. ; Zhi et al. ) . Among different nanoparticles TiO 2 is one of the most widely used materials in the preparation of composite membranes because of its superior stability, photocatalytic property, increasing membrane hydrophilicity, mild reactivity, and high mechanical strength (Luo et al. ) . TiO 2 nanoparticles have been applied in the preparation of composite membranes through three techniques to improve the water permeability flux and antifouling properties: blending TiO 2 in casting solution, self-assembly of TiO 2 nanoparticle onto membrane surface, and coating of TiO 2 /polymer mixture on the membrane surface (Madaeni et al. ) .
In this work, PAN membranes were prepared using phase inversion method and after that hydrolysis and annealing were investigated for C-PAM wastewater treatment (at least 95% rejection is necessary). Hydrophilicity and fouling properties of PAN membranes were improved using TiO 2 nanoparticle through self-assembly and blending methods, and the performance of the membranes prepared by these two methods was compared using C-PAM feed solution. The morphology and chemical characteristics of the prepared membranes were studied using scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) spectroscopy, respectively. Performance of PAN and composite membranes was determined by filtration using an aqueous feed solution containing C-PAM wastewater. The hydrophilicity of membrane surfaces was investigated using measurement of contact angles with pure water. Molecular weight cut-off (MWCO) of membranes were traced using different molecular weight of polyethylene glycol (PEG) compounds. Also, antifouling properties of the membranes were investigated using permeate flux measurement of 100 ppm C-PAM feed solution during filtration time and then calculating the flux recovery ratio (FRR), reversible fouling, irreversible fouling and total fouling. In the current study, we have introduced a common and fast method for treatment of large volumes of C-PAM wastewater.
EXPERIMENTAL Materials
PAN fibers from textile wastes of Sepehr Company of Kashan, Iran, were used for membrane preparation. Industrial grade C-PAM was received from the Tabas coal preparation plant. N,N-dimethylformamide (DMF) as PAN solvent, PEG, hydrochloric acid (HCl), sodium hydroxide (NaOH), barium chloride (BaCl 2 ), potassium iodide (KI), and iodine (I 2 ) were obtained from Merck Chemicals, Germany. Titanium dioxide (TiO 2 ) nanoparticles with 25 nm average size were purchased from Sigma-Aldrich Company, USA. All chemical compounds were used without any further purification.
Preparation of the membrane

PAN membrane
PAN is one of the most widely used polymers for preparation of commercial membranes because of its chemical and thermal stability, good solvent resistance, and mechanical properties (Zhang et al. ) . The PAN membranes were prepared via classical phase inversion method (Causserand et al. ). Under reflux conditions, casting solution temperature was maintained at 70 W C and mixed at 500 rpm for 24 hours. After cooling down and bubbles going out of the solution in environment temperature, the casting solution was cast on a flat glass using an applicator (gap 250 μm). Polymer films were immediately immersed in a coagulation deionized water bath at 25 W C.
PAN content in casting solution (14, 16, and 18% w/w), annealing temperature (50, 60, 70, 80, and 90 W C) and time (5, 10, 15, and 20 min) were investigated to reach an optimum condition of preparation of membrane in three distinct phases. All samples were hydrolyzed with 1 M NaOH solution for conversion of -CN groups on the membrane structure to -COOH groups.
Composite PAN membrane
PAN polymer is one of the most important polymeric materials used in the preparation of membrane due to its good mechanical properties, relatively cheap price, and excellent thermal properties. TiO 2 nanoparticles are bound to the polymer by the hydrogen bond between the surface hydroxyl group of TiO 2 and oxygen groups of the polymer, or the coordination bond between Ti 4þ and electronegative group such as oxygen molecules. These bonds between PAN chains and TiO 2 nanoparticles led to longevity of prepared composite membrane in operational conditions, which can be investigated as a new project in the future. Composite PAN membranes were prepared through self-assembly and blending methods with TiO 2 nanoparticles. After PAN membrane preparation, TiO 2 nanoparticles were selfassembled on the surface by immersion of the PAN membranes in the TiO 2 colloidal suspension (0.1% w/w TiO 2 in distilled water). The effect of immersion on membrane performance was investigated in range of 5, 15, 30, and 60 min.
To avoid agglomeration of TiO 2 nanoparticles in distilled water, the colloidal suspension was sonicated for about 30 min. In the blending technique, different TiO 2 content (0.01, 0.05, and 0.1% w/w) was mixed into the casting solution.
Membrane performance test PAN membrane performances were evaluated with a 10 ppm C-PAM solution at 25 W C, 3 bar pressure and 6 L/min flow rate for all the tests, using the apparatus of a crossflow type with 21 cm 2 effective surface area.
The water flux (J, L/m 2 .h) of the PAN membranes was determined through measuring water volume permeating through the membrane which was calculated using the following equation:
where V (L) is the volume of permeated water, A (m 2 ) is the effective membrane surface area and t (hour) is the filtration time.
The C-PAM concentration of permeation flux was measured by a conductivity meter and different standard calibration curves. The natural logarithm (ln) of solution conductivity is directly related to the C-PAM concentration. The C-PAM rejection was calculated by using the following equation to evaluate its performance:
where C p and C f (mg/L) are permeate and feed solution C-PAM concentration, respectively. All experiments were carried out three times and the average value was reported until measurement errors were minimized.
Membrane characterization
After deposition of a thin layer of gold coating, the morphology of the PAN and composite membranes was investigated by SEM (SEM KYKY-EM 3200, China). The quantitative analysis of the membranes was performed using EDX. The MWCO of membranes was evaluated with three different feed solutions, containing 500 ppm PEG marker compound with different molecular weights (6000, 10,000, and 20,000 Da). The MWCO value corresponds to the molecular weight of PEG that results in 90% rejection by membrane. Permeates and the feed solution contents of PEG were analyzed using Causserand method, and membrane pore size was calculated as follows (Causserand et al. ) :
where r hyd is the hydrodynamic radius of PEG molecules, [η] is the intrinsic viscosity of the PEG solution (m 3 /g), MM PEG is the molecular weight of PEG (g/mol), ε is the constant proportionality of the PEG polymer molecule, which is assumed to be equal to 1, and N is Avogadro's number(/mol). Hydrophilicity of PAN and composite membranes was determined by measuring contact angles of pure water with a standard contact angle goniometer from the sessile drop method (DSA 100 KRUSS GMBH, Hamburg). At least five equilibrium contact angles at different locations were obtained for each sample and averaged to yield the contact angle value. Membrane wettability was evaluated by placing 4 μL of deionized water on the dry membrane surface and, after 3 seconds, the contact angle value was recorded.
Membrane fouling behaviors were investigated through filtration experiment of 100 ppm C-PAM solution. The FRR, reversible fouling (R r ), irreversible fouling (R ir ), and total fouling (R t ) of PAN and composite membranes were calculated using the following expressions (Wang et al. ) :
Firstly, pure water permeate flux of membrane (J w1 ) was tested under the condition of 3 bar membrane pressure, 6 L/min flow rate, and 25 ± 1 W C. J P is the permeate flux of C-PAM feed solution after 2 hours, and then the membrane was flushed with pure water and the permeate water flux of the cleaned membrane was measured after 10 min (J w2 ).
RESULTS AND DISCUSSION
Effects of PAN concentration on membrane performance
It is well known that the PAN concentration in the casting solution and the annealing process are the main factors influencing the membrane performance. The effects of PAN concentration (14, 16, and 18% w/w) on water flux and C-PAM rejection was investigated and the results are illustrated in Figure 1 . In this step, the annealing process of PAN membranes was kept constant at 80 W C for 10 seconds. With increasing the PAN concentration in the casting solution from 14 to 18% w/w, the viscosity of the casting solution also increased, which led to formation of a thicker selective skin layer. As a result, permeate flux of PAN membrane decreased from 233.7 L/m 2 .h at 14% w/w to 91.2 L/m 2 .h at 18% w/w of PAN polymer, while the C-PAM rejection increased from 93 to 99.1%. PAN membrane prepared with 18% w/w polymer showed a significant permeate flux loss compared with 16% w/w polymer (125.4 L/m 2 .h) without any considerable change in C-PAM rejection (0.3%), which is related to higher resistance of the membrane skin layer against permeate water and C-PAM solute. Finally, 16% w/w of PAN concentration was selected as the optimal composition of polymer casting solution.
Annealing process
Effects of annealing temperature
Annealing of the prepared PAN membranes as a post-treatment was investigated by considering water flux and C-PAM rejection. From Figure 2 it can be found that when annealing temperature increased from 50 to 90 W C, the water flux correspondingly decreased from 319.2 to 82 L/m 2 .h, while the C-PAM rejection increased from 82 to 99.7%. Annealing process decreased the pore size of PAN membranes; therefore the water flux declined and mutually C-PAM rejection increased (Jung et al. ) . Increasing annealing temperature from 80 to 90 W C did not cause any significant changes in C-PAM rejection (0.9%), but severely reduced the water flux (by 28.5 L/m 2 .h). Therefore, 80 W C was chosen as the optimum annealing temperature.
Effects of annealing time
The annealing time of PAN membranes at the constant temperature of 80 W C varied in range of 5, 10, 15, and 20 seconds. The effects of annealing time on water flux and C-PAM rejection are illustrated in Figure 3 . As the annealing process time increased from 5 to 20 seconds, the C-PAM rejection increased from 98 to 99.5%, while water flux declined from 136.8 to 108 L/m 2 .h. After 10 seconds of annealing time, the retention of the PAN membranes became stable while water flux reduced. Therefore, 10 second annealing process was chosen as a modification time of PAN membrane with acceptable performance.
Self-assembling of TiO 2 nanoparticles onto PAN membranes
The TiO 2 nanoparticles self-assembled onto PAN membrane containing carboxylic acid groups with different bonds (Kim et al. ) . Two oxygen atoms of carboxylate were bound with titanium cations via a bidentate coordination and other bonds related to H-bond between surface hydroxyl group of TiO 2 and carbonyl group. Thus, self-assembling of TiO 2 nanoparticles onto PAN membrane surface is possible. Hence, at constant TiO 2 concentration (0.1% w/w), the time of immersion of PAN membrane in TiO 2 aqueous solution (5, 15, 30, and 60 min) was investigated. Figure 4 illustrates the influence of the immersion time on water flux and C-PAM rejection. As illustrated in Figure 4 , water flux first sharply increased for 15 minutes from 125.4 to 182.8 L/m 2 .h and then reduced slightly at 30 and 60 min. The self-assembling of hydrophilic TiO 2 nanoparticles onto PAN membrane surfaces led to an increase in water flux, but higher immersion time causes aggregation and therefore decreases the water flux.
Blending TiO 2 nanoparticles with PAN casting solution
As is illustrated in Figure 5 , the effect of TiO 2 concentration on the PAN membrane performance in terms of water flux and C-PAM rejection has been investigated. Water flux increases for all the PAN membranes due to presence of hydrophilic TiO 2 nanoparticle in the polymer matrix. The C-PAM rejection reduction at 0.1% w/w TiO 2 could be attributed to lower mechanical strength of the PAN membrane and great pore size. Especially above critical concentration (0.05% w/w) of TiO 2 nanoparticles in casting solution, polymer continuity at the active skin layer of PAN membrane becomes disrupted. As a result, water flux increased to 176.7 L/m 2 .h and C-PAM rejection reduced to 96% at 0.1% w/w of TiO 2 nanoparticles.
A comparison between water flux and C-PAM rejection of primary PAN, self assembled, and blended membranes is illustrated in Figure 6 . While C-PAM rejection has not significantly changed, water flux for self-assembled and blended membranes show 31.2 and 24.1% increase, respectively. It seems that the self-assembled membranes have a better performance which is probably related to the makeup of TiO 2 nanoparticle on the surface after formation of the PAN membrane frame using phase inversion technique. On the other hand, in the blending method, addition of TiO 2 nanoparticles into the casting solution changed the thermodynamic properties and membrane characteristics. In the following, further discussion and comparison of the two methods is carried out by different analyses.
Static contact angle and hydrophilicity
The hydrophilicity of the PAN, self-assembled, and blended membranes was determined based on pure water contact angle using the sessile drop method and results are illustrated in Figure 7 . By adding the TiO 2 nanoparticles using both methods, the contact angle of composite membranes decreased in both cases. Higher hydrophilicity of composite membrane was related to incorporated TiO 2 nanoparticles and more hydrophilicity properties. As can been seen in Figure 7 , the self-assembled composite membranes have a lower contact angle (41 W ) compared to the primary PAN (54 W ) and the blended composite (44 W ) membranes. However, higher hydrophilicity of the membrane surface is desirable because it causes more water flux and also increases antifouling properties against foulants.
Investigation of antifouling properties
In this study, 100 ppm of C-PAM feed solution was used for investigation of antifouling properties of PAN and composite membranes. Evaluations of the antifouling properties of PAN and composite membranes were based on the amount of the water flux, reversible fouling (R r ), irreversible fouling (R ir ), total fouling (R t ) and FRRs and results are illustrated in Figure 8 and Table 1 . Figure 8 shows that the water flux of the membranes extremely decreased when water was substituted by C-PAM solution in the filtration feed tank. Lower water flux of C-PAM solution proves that the fouling phenomenon occurred on the membrane surfaces. PAN membrane water flux loss (flux reduced to 79.8 L/m 2 .h) was greater than for both blended (134 L/m 2 .h) and self-assembled (147.6 L/m 2 .h) membranes. Concentration polarization and fouling phenomenon are the main reasons for water flux reduction. The concentration polarization in the vicinity of the membrane surface can be reduced by increasing the cross-flow of feed solution to the maximum value. The FRR of composite membranes increased from 46.9% to about 76.7 and 73.3% in the self-assembled and blended membranes, respectively. On the other hand, the resistance parameters in presence of TiO 2 nanoparticle changed and decreased to the low amount. Also, R t of composite membranes exhibited the lower values of 50.4% (self-assembled) and 52.9% (blended), compared to the PAN membrane R t of about 65.3%. Membrane fouling consists of R r and R ir ; in the composite membranes R r increased and R ir decreased, which led to higher antifouling properties because R r could be removed by simple hydraulic cleaning, while R ir could not be simply cleaned from surface and pores.
Molecular weight cut-off
The effect of TiO 2 nanoparticles on pore size of PAN and composite membranes was investigated by PEG. Compounds with larger molecular weight than MWCO of a membrane will retain on the membrane surface (Causserand et al. ) . The MWCO of a membrane generally is defined as the lowest molecular weight of the solute at which above 90% of uncharged molecules are rejected (Afonso et al. ) . Since the MWCO is a pore size character of membranes, uncharged compounds such as PEG, protein, dextrans, and different kinds of sugars have been used for MWCO determination. Different molecular weight of PEG, 10,000 and 20,000 Da, were used by Causserand's protocol. Figure 9 shows the MWCO of the prepared PAN and composite membranes to different molecular weights of PEG.
It can be seen from the Figure 9 that the membranes made using pure PAN with phase inversion method show an MWCO of 17,384 Da due to higher pore size. Adding TiO 2 nanoparticles resulted in a decrease in MWCO value of the self-assembled and blended membranes to 16,615 and 16,538 Da, respectively. In parallel, pore size of PAN, self-assembled, and blended membranes were calculated to be 6.2, 6.04, and 6 nm, respectively. With self-assembling onto PAN membrane surface, the TiO 2 nanoparticles fill the empty spaces between polymer chains and reduce the pore sizes. It seems that addition of TiO 2 nanoparticles to the casting solution increases linkage of PAN polymer and reduces pore size of the composite membrane. As can be seen in Figure 6 in presence of TiO 2 nanoparticles the permeate flux of membranes dramatically increased but C-PAM rejection showed no significant changes while pore size of composite membranes decreased. This indicates that higher water permeate flux is related to higher hydrophilicity of membrane surface as discussed in the 'Static contact angle and hydrophilicity' section.
SEM and EDX
Morphology of PAN and composite membrane was investigated using SEM analysis and corresponding images are shown in Figure 10 . The PAN membrane image shows a smooth and uniform surface, which proved that the phase inversion process was properly done due to the strong mutual affinity between water and DMF. Prepared composite membranes showed the same morphology, which proved appropriate distribution of TiO 2 nanoparticles without aggregation on the surface using both self-assembling and blended methods. By addition of TiO 2 , pore size became smaller (based on MWCO measurement) but it could not be observed even under 7,500× magnification.
The quantitative analysis of the composite membranes was performed using EDX and is illustrated in Figure 11 . The presence of the TiO 2 nanoparticles embedded in the PAN membrane can be confirmed by comparing Figure 11 (a) and 11 (b) . The EDX analysis clearly shows the presence of carbon and oxygen with titanium peaks as elemental composition. Also, the blended composite membrane contained 1.55% w/w of titanium atom, which is higher than the selfassembled membrane with 0.57% w/w. This phenomenon is probably related to the difference between the two methods: in blending technique TiO 2 nanoparticles are trapped into the polymer matrix while in self-assembling they are only placed in free spaces of polymer chains.
CONCLUSION
Effect of TiO 2 nanoparticles on the membrane fouling, using self-assembling and blending methods, were investigated and compared with each other. Primary PAN membrane with 16% polymer was prepared using phase inversion technique and annealed at 80 W C for 10 seconds. Although this membrane has a high performance of 125.4 L/m 2 .h and 98.8% C-PAM rejection, fouling resistance is low (R t 65.3%). Therefore, composite membranes were applied as a solution in order to obtain acceptable performance and fouling resistance. In optimum conditions these membranes showed 31.2 (self-assembled) and 24.1% (blended) higher water flux without considerable loss of rejection. Also, FRR of selfassembled and blended membranes increased to 76.7 and 73.3% from 46.9% of primary PAN membrane. Pore size of PAN, self-assembled, and blended membranes were calculated to be 6.2, 6.04, and 6 nm by filtration of PEG tracing compounds, respectively. The EDX analysis clearly shows the presence of titanium in the membrane structure composition. Blended composite membrane has a higher titanium atom but a lower water flux and fouling resistance than selfassembled membrane, which is related to the content of TiO 2 nanoparticles on the membrane surface. Also, the SEM images illustrated suitable distribution of TiO 2 nanoparticles without aggregation. 
